Quantitative positron emission tomography (PET) was utilized to establish the degree and localization of central nervous system dysfunction in
The neuropathology of single lethal exposure to carbon monoxide (CO) is well documented. In his influential work, Wilson (1940) reviewed some 46 studies, several of them reviews of hundreds of other articles, and reported that lesions resulting from CO poisoning had been found on autopsy "in almost every part of the nervous system, and are mostly diffuse" (p. 744; cf. Beaumont, Kenealy, & Rogers 1996) . Wilson (1940) notes that the paramount feature of lethal CO poisoning is resultant damage to the globus pallidus and widespread degeneration of the neural parenchyma.
Although the neuroimaging sequelae for single lethal exposure to CO is well established, the effects of chronic toxic exposure are less well researched. Computed tomography (CT) and magnetic resonance imaging (MRI) of chronic, nonlethal toxic exposure to CO have failed to replicate the neuropathology of CO poisoning as seen on autopsy (cf. De Reuck et al., 1993; Silver, Cross, Fox, & Paxton, 1996) . Although CT and MRI periodically reveal lesions to the globus pallidus and diffuse white-matter damage (Reynolds, Hopkins, & Bigler, 1999) , they are otherwise inconclusive in establishing a pattern for chronic nonlethal toxic exposure to CO, often failing to detect neural damage at all (Bruno, Wagner, & Orrison, 1993; De Reuck et al., 1993; Silver et al., 1996; Uchino et al., 1994) . Positron emission tomography (PET) imaging, however, seems well suited to detect the neuropathologic sequelae of chronic nonlethal toxic CO poisoning (cf. De Reuck et al., 1993; Shimosegawa et al., 1992) .
The cases to be reported are of interest as they are a matched pair of individuals who experienced prolonged sublethal toxic exposure to CO over a period of 3 years and produced abnormal PET scans 3 years after exposure had ceased. This is the first quantitative functional neuroimaging study reported to show chronic neuropathological changes associated with prolonged sublethal exposure to CO. It is of particular interest because, in addition to having identical exposure histories, the patients had nearly identical neuropsychological deficits and nearly identical quantitative PET imaging.
BACKGROUND AND HISTORY
The patients (MR and MS) are both right-handed middle-aged individuals who had been married for many years. Both had been employed for 15 years in demanding occupations (i.e., head architect, head accountant), had histories devoid of psychiatric and neurologic complications, were screened for psychiatric and major medical illness, and experienced prolonged exposure of similar intensity and length to CO. Exposure took place on a daily basis in their home over the period of 3 years due to a faulty furnace exhaust/ducting. Given their similar background, these patients are seen as constituting a matched pair. It is important to note that both MR and MS were involved in litigation secondary to their CO exposure and that only the liability for the exposure was contested during the litigation. No one contested that both MR and MS experienced disability due to their CO poisoning.
METHOD

Testing
Neuropsychological testing of both MR and MS was repeated four times over 3 years. Standardized tests of intelligence, memory, achievement, and frontal lobe functions were administered. Tests included the Wechsler Adult Intelligence Scale (Wechsler, 1955) , the Wechsler Memory Scale (Wechsler, 1954) , the Benton Visual Retention Test (Benton, 1974) , Word Fluency (Spreen & Strauss, 1991) , the Tinker Toy Test (Lezak, 1995) , the Wide Range Achievement Test-Revised (Jastak & Wilkinson, 1984) , and Dichotic Listening (Lezak, 1995) . Clinical interviews of both patients (the Structured Clinical Interview for Complex Partial Seizure-Like Symptoms [Iowa CPSz Interview; Roberts et al., 1990] ) and knowledgeable collaterals (Iowa Collateral Head Injury Interview [ICHII; Varney, 1989] ) were also obtained.
PET Imaging
PET imaging took place soon after the last neuropsychological testing date and 3 years after the cessation of CO exposure for each patient (April 11, 1997) . These images, therefore, were acquired chronic status post and are thought to represent the residual/ lasting effects of CO exposure. In each case, 5 mCi of Florine-18 deoxyglucose (FDG) were administered intravenously. A visual vigilance task was administered during the approximately 30-minute uptake period. Thirty slices of brain were obtained at 6.5 mm intervals parallel to the canthomeatal line on the GE 2048 head scanner (FWHM ϭ 4.5mm; please see scale bar on Figure 1 for quantification of FDG values). Raw images were reconstructed and visually interpreted. Each patient's images were compared against a composite scan comprised of the scans from 32 normal controls using a z transformation statistical parametric map and then printed for interpretation. Using this procedure allows one to compare individual scans against an appropriate control group and check for quantitatively significant differences. Yellow-red regions indicate areas that were 1 to 3 standard deviations above the mean. Blue-purple regions indicate areas that were 1 to 3 standard deviations below the mean. Finally, a thresholded z -map was constructed. This last line of slices represents the differences between MR's and MS's scans. Further information on the PET imaging protocol can be found in Varney, Morrow, Pinkston, and Wu (1998) . The experimentwide significance level was set at ␣ ϭ .05.
RESULTS
Testing
Four neuropsychological exams on each patient over the period of 3 years consistently indicated marked anterior frontal lobe syndrome in the context of far-above-average intelligence, memory, and language for both patients (e.g., IQs of 132 and 145). They also showed manifest frontal symptoms in activities of daily living (e.g., indecisiveness, mental passivity, and disorganization) that resulted in vocational disability in each case, with both patients becoming unemployed in the months following their exposure to CO. MR's failure on the Tinker Toy Test is even more profound when one recalls his premorbid profession as head architect in a large architectural firm. Neuropsychological testing and interview results from each of the four test administrations for both MR and MS can be found in Tables 1 and 2 , respectively.
PET Imaging
PET scan images obtained from MR and MS are presented in Figure 1 . MR showed significant metabolic decreases on PET imaging in the bilateral orbitofrontal cortex, frontal pole, dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, frontal eye fields, superior parietal lobule, inferior parietal lobule, inferior temporal gyrus, temporal tip, hippocampus, visual cortex, bilateral thalamic metabolism, and basal ganglia (caudate, putamen, and globus pallidus). Metabolic increases were seen in the somatosensory cortex and motor cortex.
MS showed significant metabolic decreases on PET imaging in the dorsolateral prefron-tal cortex, orbitofrontal cortex, inferior temporal gyrus, middle temporal gyrus, temporal tips, hippocampus, amygdala, visual cortex, dorsal thalamus, and the cerebellum. Metabolic increases were seen in the somatosensory cortex and portions of the inferior parietal lobe. MS's radiology report lists 12 neuroanatomical areas of metabolic dysfunction. Eight of these specific areas of dysfunction (i.e., dorsal thalamus, dorsolateral prefrontal cortex, orbitofrontal cortex, hippocampus, inferior temporal gyrus, temporal tips, visual cortex, and somatosensory cortex) are of particular interest. This interest stems from the fact that among the areas of dysfunction seen on MR's scan and radiology report, the exact same eight areas of dysfunction listed from MS's scan (along with an identical pattern of metabolic increases and decreases) were also found. Whereas MR showed additional areas of dysfunction (i.e., basal ganglia, frontal eye fields, frontal pole, ventrolateral prefrontal cortex, motor cortex), the two scans were otherwise nearly exactly the same. This similarity was empirically confirmed. Significance testing found the minor differences in areas of abnormality between all abnormal areas on MR's and MS's scans to be nonsignificant (Wilcoxon signed-rank test; Z ϭ Ϫ 1.826, p ϭ 0.068).
The final line of PET images on Figure 1 represents a thresholded z -map comparison between MR's and MS's scans. Noteworthy is the finding that MR, who suffered more extensive CO exposure and subsequently showed more severe behavioral consequences, produced a PET scan of greater abnormality than MS.
DISCUSSION
This report presents the functioning of two patients chronic status post-CO poisoning. Of significant interest is the quantified nature of both the PET imaging and behavioral reports. This report builds on the data of Wilson (1940) by adding the results of sublethal CO exposure to his postmortem examinations without differing significantly from his findings. Furthermore, the similarity of exposure and findings on PET imaging, with the more severely exposed patient showing greater impairment on both PET imaging and testing in a distinct dose-response fashion, makes this report of clear importance.
Both MR and MS continued to experience significant deficits secondary to their postchronic sublethal CO poisoning well after the exposure had ceased. Both were unable to return to their previously demanding and successful careers, suffered losses in independence and activities of daily living, and showed quite similar patterns of dysfunction on PET imaging. Although they showed either stable or improving IQ over the four testing sessions, this general clearing and return of IQ is seen along with significant frontal lobe deficits. As mentioned earlier, MR's and MS's disability secondary to the CO exposure was in no way contested; in fact, their insurance company placed both of them in 6 months of daily cognitive rehabilitation. By way of comparison, Ryan (1990) describes an adult woman who also experienced 3 years of sublethal CO poisoning. Neuropsychological testing failed to demonstrate significant deficits in IQ amid mild cognitive impairments (i.e., new learning, memory) for this patient as well. On PET imaging, MR and MS showed significant abnormalities in their frontal and temporal lobes (as well as other areas). Both of them also evidenced problems with tests of executive function, activities of daily living, and reported memory performance. The convergence of neuropsychological testing (poor Tinker Toy Test performance), behavioral observation (dramatic vocational disability), and neuroimaging (very similar PET images) in both patients is a powerful indicator of both the validity of their deficits and the usefulness of these measures in assessing dysfunction. Although both MR and MS did well on standardized memory tests, memory problems were repeatedly reported in MR and MS by others as well as by both patients about themselves and each other.
The presence of hypometabolism in the peripheral vascular regions of both MR's and MS's brains (e.g., anterior frontal and mesial temporal lobes) follows the logical and expected pattern of injury for hypoxia. These "watershed" areas are furthest "downstream" along the cerebral vascular anatomy (Spreen, Risser, & Edgell, 1995) and would therefore logically be most vulnerable to injury as a result of oxygen deprivation secondary to CO poisoning. MR and MS were found to have deficits on neuropsychological testing (in vitro) and pronounced deficits in their activities of daily living (in vivo). These two converging lines of investigation yielded similar and complimentary findings and present us with strong evidence for cortical dysfunction (e.g., failed frontal lobe tasks, symptoms of epilepsy spectrum disorder on collateral interview, problems with dichotic listening) and behavioral problems (e.g., failure to maintain employment, dramatic increase in need for assistance with activities of daily living) secondary to their prolonged exposure to CO. These changes are seen against the backdrop of average to above-average intellectual performance on standardized testing. Furthermore, MR, who suffered more severe CO poisoning, showed poorer performance on neuropsychological testing and evidenced more severe behavioral problems. MR's and MS's frontal lobe deficits were clearly seen on the Tinker Toy Test. Though not as widely used as some measures, the Tinker Toy Test has been found to be useful in evaluating the capacity for vocational success of persons with brain injury (Bayless, Varney, & Roberts, 1989) and at differentiating controls from Alzheimer's patients (Koss, Patterson, Mack, Smyth, & Whitehouse, 1998) . The Tinker Toy Test allows for the investigation of initiation, planning, and goal formulation (frontal lobe or "executive" functions) by assessing how patients perform in a less structured environment than is typically presented with neuropsychological testing. MR and MS performed quite poorly on the Tinker Toy Test across all four evaluations, revealing deficits that had been missed by the remainder of "standard" testing.
Neural dysfunction was assessed using the Dichotic Listening test, which has been reported as useful in the detection of cerebral dysfunction in patients where gross structural lesions may not be present, but for whom neural dysfunction is probable (Richardson, Springer, Varney, & Struchen, 1994) . MR, who showed the worst performance on Dichotic Listening, also reported more severe CO exposure than MS, showed more abnormalities on PET imaging, evidenced poorer scores on the Iowa CPSz Interview, and experienced more behavioral problems.
Critical behavioral data for both MR and MS was obtained using structured interviews. The ICHII is a structured interview that assesses psychosocial symptoms commonly reported after head injury (Varney, 1989) . Collaterals are asked to report whether specific psychosocial behaviors were present or have worsened following the patient's head injury. The ICHII is a quantified, standardized, and field-tested outcome interview. Likewise, the Iowa CPSz Interview is a standardized symptom interview (Roberts et al., 1990) . The use of these measures allowed for the quantification of otherwise anecdotal behavioral reports.
Careful investigation of Tables 1 and 2 reveals that both MR and MS experienced improvement on the Iowa CPSz Interview (Roberts et al., 1990) between the second and third assessment dates. These improvements coincide nicely with the implementation of Depakote for both patients. The emergence of epilepsy spectrum disorder in MR and MS is not surprising given their temporal and hippocampal dysfunction as noted on PET imaging (Hines, Kubu, Roberts, & Varney, 1995) . Wilson's (1940) literature details the effects of lethal CO exposure. The current report adds to Wilson's work pertaining to the chronic residual effects of nonlethal CO exposure. Although some of the random distribution of deficits often described in the literature (Ryan, 1990 ) is apparent in these cases, both patients show remarkable similarity in deficit profiles on PET imaging. Furthermore, the findings of this study are not terribly inconsistent with those reported by Wilson.
